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The main objective of the Clemson / DARPA project is to search for and achieve higher performance low temperature (100 K to 250 K) thermoelectric materials than exist to date. Dr. Tritt?s group at Clemson University will perform synthesis and characterization of a number of low dimensional systems which show potential for use in thermoelectric applications. Initially Tritt?s group has been and will continue to pursue studies of the low-dimensional pentatelluride materials: HfTe5 and ZrTe5. Tritt?s group will perform doping studies of the thermoelectric properties of these materials as well, which will include compounds such as Hf1-XZrXTe5. Subsequent doping studies on this family of compounds will include other substitutions, Hf1-XMXTe5-YZY, where M = Zr, Ta, Nb, Ti etc. and Z = S or Se. Tritt presented the preliminary results of the (Hf1-XZrXTe5) study at the XVI International Conference on Thermoelectrics in Dresden. Other promising low dimensional materials will also begin to be investigated.
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Overall Program Objective
The main objective of the Clemson / DARPA-ARO project is to search for and achieve higher performance low temperature (100 K to 250 K) thermoelectric materials than exist to date. Clemson University will perform synthesis and characterization of a number of low dimensional systems, which show potential for use in thermoelectric applications. Low dimensional systems can lead to enhancement of the electronic properties over that of bulk materials. This research will be carried out within the Department of Physics and Department of Chemistry at Clemson University. Initially Clemson University will pursue studies of the low-dimensional pentatelluride materials: HfTe 5 and ZrTe 5 . These materials show promise for potential low temperature thermoelectric applications. Low temperature thermoelectric materials in the 100 -200 K range can open potential applications for certain IR detectors, especially the mid to far infrared detectors. If HgCdTe detectors could be thermoelectrically cooled and packaged then much faster response times and higher sensitivity could be achieved over current thermal imaging systems such as bolometers. Thermoelectric cooling to 100K would make the prospect of packaged superconducting electronics more achievable. Also, enhanced computing speed through "cold computing" can be achieved by cooling computer chips and electronics to temperatures in the 100 K to 250 K range.
A secondary objective was to develop state-of the art facilities for the characterization of the electrical and thermal properties of thermoelectric materials over a broad range of temperature and for various sample sizes. This will allow Clemson not only to pursue high quality measurements on its own samples but to serve as a measurement facility for the greater thermoelectrics community which were involved in the Darpa Thermoelectrics program.
Previous Plans for the final 8 months of project (completion date May 2001)
Materials and Doping Strategies:
Single crystals of the pentatelluride materials will continue to be grown via solid state synthesis in the Chemistry Department and characterized in the Physics Department for their potential for these low temperature (100 K -250 K) applications in thermoelectric refrigeration. Clemson University will perform doping studies of the thermoelectric properties of these materials as well, which will include compounds such as Hf 1-X Zr X Te 5-X Se X and Hf 1-X Zr X Te 5-X Sb X . More general doping studies on this family of compounds will include other substitutions, Hf 1-X M X Te 5-Y Z Y , where M = Zr, Ta, Nb, Ti etc. and Z = S, Se and Sb. In most cases small amounts of impurities including magnetic elements such as Fe, Co or Ni will be added. The addition of Bi into the structures will also be attempted as well as other broad range of doping strategies. In addition, we will pursue rare eart doping of these materials with the addition of Ce, La, Ho Eu etc. These studies will lead information important to optimize the electronic part of the figure of merit, ZT, for these materials. These materials will be characterized over a range of temperature from 350K to 20K in most cases.
In addition to the overall doping studies to investigate the optimal doping strategy we will also investigate synthesis routes to lead to much larger crystal sizes, with the overall goal crystals of approximately 1-2mm on a side and greater than 4mm in length. Since the larger crystal growth approach has proved fruitless so far, we have developed a new concept and approach to determine the absolute thermal conductivity which we call the parallel thermal conductance (PTC) technique. . Initial measurements of the thermal conductivity using our standard steady state techniques will begin and approaches such as alloy or magnetic scattering for the phonons will start to be employed towards minimizing the lattice thermal conductivity.
We will continue to investigate the thermal conductivity of these materials.
We have also identified a NaCoO system (a ceramic oxide) which we have been as a potential high temperature power generation applications.
Experimental and Capability Development:
Experimental capabilities continue to be developed and enhanced. The acquisition of the Quantum Design Physical Property Measurement System under DOD-DURIP (May 1998) has been a great addition to the lab. It allows magneto-transport and heat capacity measurements to be performed. We are planning to bring on-line a new electrical transport measurement system capable of measuring the Seebeck and electrical resistivity of two samples simultaneously as a function of temperature from 6 K < T < 320 K. When this new system is operational our existing system will be reconfigured in the same way (however it is a 10 K limited system). We have also built a high temperature probe to cover a broader range in our characterization of materials. We redesigned our thermal conductivity system (PTC) to be able to increase our measurement capability. We will put together a Hall measurement system to investigate carrier concentration of these materials. We have had some substantial successes during the project period. These centered around substitutional doping of Sb and Se on the Te site in the HfTe 5 materials, (Hf 1-X Zr X Te 5-X Y X ) (Y = Se, Sb). The addition of small amounts of Sb resulted in totally suppressing the resistive anomaly in the pentatelluride materials. The resistivity is somewhat lower and has a metallic temperature dependence, resistivity decreasing with decreasing temperature. The relatively high thermopower values are maintained, S 100 µV/K at T 300K and decreasing with decreasing temperature. These results on the electronic properties exhibit power factor values greater than that of Bi 2 Te 3 materials, over the temperature range of interest.
We continued the doping studies but the results of period warranted an intensive effort into measuring the thermal conductivity of these small ribbon-like single crystal materials. This is where we have focused our efforts over the two years of the project and with much success. We developed a new technique which we call the parallel thermal conductance (PTC) technique. The issue is that because of the size of these materials, it is very difficult for them to support a heater and the necessary thermocouples. The PTC technique allows us to bypass this problem. Briefly, the PTC technique uses a sample holder which has very low thermal conductance and the heaters and thermocouples are attached to this holder. The thermal conductance is measured of this "system" which gives the background thermal conductance when the sample is added in parallel. The background is then subtracted leaving the thermal conductance of the sample. There is still an issue concerning the resolution of the sample dimensions, which yield an uncertainty of 40-50 %. This technique was published in the Review of Scientific Instruments in 2001. The results on the thermal conductivity of the pentatellurides has been published in Appl. Phys. Lett. We have also published several papers on some of our novel measurement techniques and apparatus which can be found in the publications section.
The addition of small amounts of Se resulted in reducing the overall resistivity and enhancing or increasing the thermopower to values over 200 µV/K at T 100K. These are very large thermopower values at these temperatures in a system that is still a relatively good conductor. These effects resulted in power factor values greater than that of BiTe materials over the temperature range 100 K < T < 320K. This was especially the case in the range of interest T 150K. Initial determination of the thermal conductivity indicates that it is a factor of 2-3 times higher than desired. We are continuing the project with doping with heavy mass atoms to reduce the thermal conductivity. A secondary objective of the project was to develop state-of the art facilities for the characterization of the electrical and thermal properties of thermoelectric materials over a broad range of temperature and for various sample sizes. This will allow Clemson not only to pursue high quality measurements on its own samples but to serve as a measurement facility for the greater thermoelectrics community which were involved in the Darpa Thermoelectrics program. We developed excellent facilities and participated in other Darpa related projects, such as the opals, the half-Huesler alloys and work on the skutterudites. Many of our novel measurement techniques and appartus were written up as scientific publications and published in review of Scientific Instruments, Cryogenics and the MRS Proceedings. 613-621 (2001) 
